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Abstract Bone is a hierarchically structured composite
consisting of a protein phase (type I collagen) and a min-
eral phase (carbonated apatite). The objective of this study
was to investigate the hierarchical structure of mineral in
mature bone. A method to completely deproteinize bone
without altering the original structure is developed, and the
completion is conﬁrmed by protein analysis techniques.
Stereoscopy and ﬁeld emission electron microscopy are
used to examine the structural features from submillimeter-
to micrometer- to nanometer-length scales of bovine femur
cancellous bone. Stereoscopic images of fully deprotei-
nized and demineralized bovine femur cancellous bone
samples show that ﬁne trabecular architecture is unaltered
and the microstructural features are preserved, indicating
the structural integrity of mineral and protein constituents.
SEM revealed that bone minerals are fused together and
form a sheet-like structure in a coherent manner with col-
lagen ﬁbrils. Well-organized pore systems are observed at
varying hierarchical levels. Mineral sheets are peeled off
and folded after compressive deformation, implying strong
connection between individual crystallites. Results were
compared with commercially available heat-deproteinized
bone (Bio-Oss
), and evidence showed consistency in bone
mineral structure. A two-phase interpenetrating composite
model of mature bone is proposed and discussed.
Keywords Bone  Mineral  Hierarchical structure 
Biomineralization  Composite  Electron microscopy
Bone is a composite material of a protein (mainly type I
collagen), a mineral phase (carbonated hydroxyapatite),
and water assembled into a complex, hierarchical structure.
The hierarchical structure of bone has been reviewed by
several groups [1–4]. This article will focus on the hier-
archical structure of the mineral constituents in bone.
Mammalian skeletal bone is made up of around 65 wt%
mineral phase, 25 wt% organic material, and 10 wt% water.
On a volumetric basis, bone consists of about 33–43 vol.%
minerals, 32–44 vol.% organic material, and 15–25 vol.%
water[5].TypeIcollagenisthemajororganiccomponentof
bone and has a speciﬁc hierarchical arrangement. Tropo-
collagen is formed from the association of two alpha-1 and
onealpha-2collagenmolecules,whichassembleintoatriple
helix *1.5 nm in diameter and 300 nm in length. Tropo-
collagen molecules assemble into a staggered arrangement
with a periodicity of 67 nm, which consists of a gap region
and an overlap region. This periodicity produces a charac-
teristic interference pattern that is observed as bands in
transmission electron microscopy (TEM). Bone minerals
consist of nonstoichiometric hydroxyapatite crystals—
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phosphate groups replaced by carbonate groups. The bone
crystalsareintheformofplateletsapproximately40–60 nm
in length and 20–30 nm in width. The thickness of bone
crystals measured from TEM [6–9] and small-angle X-ray
scattering (SAXS) [10, 11] varies from 1.5 nm for miner-
alizedtendonto4 nmforsomematurebones.Recentatomic
forcemicroscopy(AFM)studiesfoundthatthebonecrystals
are longer than those observed by TEM, with widths and
lengths ranging from 30 to 200 nm [12, 13]. This discrep-
ancy may due to breakage of the fragile crystallites during
TEM sample preparation.
Most studies on the structural organization of mineral
within collagen ﬁbrils have been carried out on mineralized
turkey leg tendon (MTLT) [14–19]. TEM observations of
individual MTLTs showed that mineral crystals are orga-
nized in layers that transverse across the ﬁbrils with the
crystallographic c-axis aligned parallel with the ﬁbril long
axis [14–16]. The 67-nm periodicity of mineralized colla-
gen ﬁbrils shown in TEM indicated that the minerals have
the same staggered organization as collagen ﬁbrils. AFM
[17] and high-voltage 3-D TEM tomography [18, 19] also
conﬁrmed the layered arrangement of crystals within col-
lagen ﬁbrils. However, MTLT (mineral content *43 wt%)
is not bone, which has a much higher degree of minerali-
zation (*65 wt%) and a more complicated structure.
It is generally believed that crystals initially form within
the gap region of the collagen ﬁbrils, further proceed into
the overlap region, and subsequently grow into the extra-
ﬁbrillar space [20]. Consequently, mineral is found both
within and outside the collagen ﬁbrils, but the exact amount
in each location is still a matter of contention [21–25].
Landis and coworkers [18, 19, 26] proposed a model for
early-stage mineralization based on the 3-D TEM tomog-
raphy. The staggered arrangement of collagen ﬁbrils formed
extensive channels laterally through the arrays. Mineral
crystals developed preferentially in length along the colla-
gen long axes and in width within the spaces generated by
the channel. Crystals were fused together and grew in length
beyond gap and overlap regions, ranging 40–170 nm and in
width to *40 nm, well beyond that of individual collagen
gap regions. However, the growth in thickness was limited
to 4–6 nm. Ultimately, fused mineral crystals formed thin
parallel sheets throughout the assemblage of collagen
ﬁbrils. In a recent study on mineral crystals in embryonic
chick bones, Landis et al. [27] suggested that the mineral
sheets may fuse to form a continuous mineral organization.
Ja ¨ger and Fratzl [28] proposed a model of a staggered
arrangement of mineral platelets circumferentially sur-
rounding a concentric structure of the collagen ﬁbrils based
on MTLT. This composite model of mineral platelet–
reinforced collagen ﬁbril matrix has been widely applied in
recent studies on the structure–mechanical property
relationships and toughening mechanisms of bone [29–31].
One prediction of this model is that the mineral phase in
bone will be disaggregated into individual crystals if the
protein phase is completely removed.
However, there is evidence that bone retains its struc-
tural integrity after complete deproteinization by heating.
Heat-treated deproteinized bovine bone (DBB) has a
chemical composition and a structure that are similar to
bone mineral and is used as clinical bone graft material.
Depending on the temperature of heat treatment, deprote-
inized bone can be classiﬁed into two types: unsintered
(\400C) and sintered ([400C) [32]. Studies [33, 34]
have shown that the mineral crystals become denser and
more crystalline and grow in length from *10 to
*120 nm at temperatures exceeding 500C. Thus, to
examine the unaltered mineral organization, sintered bones
are not an option. Bio-Oss
 (Geistlich Biomaterials,
Wolhusen, Switzerland) is a widely used bone grafting
material, which is heat-deproteinized (300C) bovine
femur cancellous bone [35, 36]. Bio-Oss
 demonstrates
interconnective pore systems at various hierarchical levels,
which result in an overall porosity of 70–75% that
enhances the deposition and growth of new bone into the
inner part of graft materials [35]. The ﬁne trabecular
structure and well-organized pore system of deproteinized
cancellous bovine femur bone remains unaltered after this
lower-temperature treatment. Protein-chemical analysis on
Bio-Oss
 has conﬁrmed there is no protein content to a
measurable extent [36]. Benezra-Rosen et al. [37] recently
examined the ultrastructure of the Bio-Oss
 using ﬁeld-
emission scanning electron microscopy (SEM) and TEM
and reported that the mineral remains in its original
structure after heat treatment at the micro- and nanometer
scales. They suggested that the mineral phase, like the
collagen matrix, is continuous. However, whether or not
the heating may have caused fusion in the mineral phase or
altered the original mineral structure remains uncertain.
Our hypothesis is that minerals in mature bone are fused
together, forming a continuous architecture. In this study,
we employed an entirely different method to completely
deproteinize fully developed mature bone with sodium
hypochlorite (NaOCl) [7] and then examined the structural
organization of bone mineral at varying hierarchical levels,
from macrometer- to micrometer- to nanometer-length
scales. The well-studied and more readily available can-
cellous bovine femur was used in this study in order to
compare with previous studies on Bio-Oss
. The major
goals of this study were (1) to develop experimental
methods to completely deproteinize bone without altering
the original mineral microstructure and conﬁrm the com-
pletion using various techniques, (2) to thoroughly inves-
tigate the hierarchical structure of the mineral constituents
in bone and compare with that of untreated and heat-treated
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123bones, and (3) to establish a composite model of bone
mineral structure. In this manner, we expect to more fully
understand the structure and ultimately the mechanical
properties of the mineral constituents in mature bone.
Materials and Methods
Sample Preparation
Bovine femur bones were purchased from a local butcher.
The slaughter age of the cattle was approximately
18 months.Cancellousbovinefemursampleswereobtained
from the proximal end of the femur using a handsaw. The
marrow and blood were carefully removed by running water
followed by a dental water jet (Waterpik
; Water Pik, Fort
Collins, CO). Samples were further precisely machined into
rectangles (7.5 9 5 9 5 mm) with the long dimension
parallel to the longitudinal (growth) direction of bone using
a rotating diamond wheel saw under constant water irriga-
tion. Sectioned cancellous samples were examined under a
stereoscope for evidence of damage during preparation. A
total of 30 cancellous bovine femur samples were prepared
inthreeconditions(eightuntreated,11deproteinized,and11
demineralized samples). Three additional samples were
obtained for verifying the completion of deproteinization
and demineralization, and the rest of the samples were
prepared for structural characterization.
Deproteinization
Deproteinization was accomplished using a 2.6 wt%
NaOCl solution at 37C. Samples were constantly mixed
using a rocking platform [7], and the solution was changed
on a daily basis for 14 days. In our earlier studies (not
shown here), 2–5% of protein content remained in the
samples after 7 days of deproteinization. We increased
the deproteinization time to 14 days to ensure that all of the
protein was removed from the samples. In order to verify
that the deproteinization was complete, three samples were
placed into dialysis sacks (10 kDa MWCO) and dialyzed at
room temperature against 0.5 M EDTA (pH 7.5) until
demineralized. Samples were then dialyzed against water
to remove EDTA, calcium, and phosphate, then lyophilized
and photographed. After dialysis, the mass of protein
present in the untreated samples was determined gravi-
metrically. Gravimetric analysis was not possible for the
deproteinized bone samples since there was no detectable
material in the lyophilizer ﬂask. To evaluate the possible
presence of trace amounts of protein, the ﬂasks from
deproteinized bone samples were rinsed with water and the
absorbance at 220 nm was determined. The maximum
mass of soluble protein remaining after deproteinization
was estimated by assuming that all 220 nm absorbance was
protein (a 1-mg/mL solution of protein has an absorbance
at 220 nm of about 10).
Demineralization
A set of cancellous bovine femur samples was demineral-
ized in order to compare the structural feature of protein
constituents with that of mineral constituents. A method for
complete demineralization of bone recently developed by
Toroian et al. [38] was applied. Samples were submerged
in 0.6 N hydrochloric acid (HCl) at room temperature with
constant mixing. The HCl solution was changed daily, and
it took 6 days to fully demineralize the samples. It should
be noted that although EDTA has been used to deminer-
alize bone, complete demineralization can require 1 month
or more at 37C and, thus, may damage the gross structure
of the matrix (possibly due to enzymatic autolysis). We
chose HCl as the demineralization medium since the pro-
cess is much quicker and, therefore, may minimize damage
to the protein structure. Completion of demineralization
was conﬁrmed by subsequent deproteinization on the
additional samples. Several other samples were ashed at
high temperature using the methods developed by Currey
and Hughes [39], and the ash weight was used to determine
the remaining mass of inorganic components. In all cases,
there was no detectable mineral after demineralization.
Demineralized samples were dehydrated using standard
critical point drying (CPD) before structural characteriza-
tion in order to avoid any deformation or shrinkage from
drying.
Structural Characterization
The morphology and cellular architecture of cancellous
bone were imaged using a stereoscope (W-02400 Binocular
Microscope; National Optical, Beaumont, TX) equipped
with a CCD camera along with adjustable light sources.
Microstructural features were observed using a ﬁeld
emission SEM (FE-SEM) (FEI-XL30; FEI, Hillsboro, OR)
in the secondary electron (SE) mode at 20 kV accelerating
voltage. Small pieces of cancellous samples were mounted
on aluminum sample holders and sputter-coated with a thin
layer of gold-platinum. SEM images of the surface of
untreated, deproteinized, and demineralized samples at
varying magniﬁcations were taken and compared. The
fracture surface of untreated and deproteinized samples
was observed by SEM. A mechanical testing machine
(Instron 3367 Dual Column Testing Systems; Instron,
Norwood, MA) was used to fracture the samples under
compressive loading at a strain rate of 1 9 10
-3 s
-1. For
the deproteinized samples, two types of fracture surface
were created: (1) samples were ﬁrst fractured, followed
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123by deproteinization in order to examine the microstructural
organization of the mineral constituents and compare with
untreated bone side by side; (2) samples were ﬁrst depro-
teinized and then fractured in order to observe the
deformed mineral constituents after compressive loading.
Results
Conﬁrmation of Complete Deproteinization
An experiment was carried out to determine how much
protein remained in samples of cancellous bovine femur
after deproteinization in 2.6% NaOCl for 14 days. Three
deproteinized and three untreated samples were deminer-
alized by dialyzing each against 0.5 M EDTA (pH 7.5).
This procedure removed all mineral from the bone samples
while retaining any protein in the dialysis sack. EDTA,
calcium, phosphate, and NaOCl were removed by sub-
sequent dialysis against distilled water, and the dialysates
were lyophilized to dryness.
Visual examination of the three ﬂasks containing the
untreated bone samples revealed the presence of a sub-
stantial amount of matrix (see Fig. 1a). The volume of
demineralized bone matrix was comparable to that of the
original bone sample; this result is in agreement with other
studies [38]. The mass of dry material remaining in the
lyophilizer ﬂasks of the untreated bone samples was
27–29% of the original bone dry weight prior to demin-
eralization (Table 1), which is comparable to the percent-
age of dry bone that is protein.
In contrast to the three ﬂasks containing the untreated
bone samples, there was no detectable dry material in any of
the three ﬂasks containing deproteinized bone samples
(Fig. 1b). The mass of dry material remaining in the
lyophilizer ﬂasks of the deproteinized bone samples was
0.005–0.01% of the original bone dry weight based on
absorbance at 220 nm (Table 1). It is likely that this 220 nm
absorbance is not due to protein, however, since alkaline
hydrolysates of the material did not stain with ninhydrin
(not shown). Based on the detection limit of the ninhydrin
assay, the maximum amount of protein remaining in the
deproteinized bone samples is \0.001% of the protein
present in the bone samples prior to deproteinization.
Structural Characterization
Stereoscopy is an imaging technique capable of generating
3-D visual information and providing depth perception. In
this study, stereoscopic imaging was applied to observe the
cellular (trabecular) structure, particularly at the submilli-
meter scale, in cancellous bovine femur samples after
demineralization and deproteinization. Cross-sectional and
longitudinal stereoscopic images of untreated, deprotei-
nized, and demineralized cancellous bovine femur samples
are shown in Fig. 2. The untreated, deproteinized, and
demineralized samples had a similar structural morphology.
More surprisingly, the ﬁne structure of trabecular network
was well preserved after complete deproteinization. A
perforated plate structure with channels aligned parallel to
the growth direction can be seen in the longitudinal images.
Fracture of individual trabecula due to sectioning was
occasionally observed on the exposed surface, yet the
majority of trabeculae appeared to be undamaged and
unaltered throughout the samples. Deproteinized samples
turned white due to the NaOCl, while demineralized ones
appeared light brown and somewhat transparent. The ste-
reoscopic images showed structural integrity of the mineral
and protein constituents in bone at the submillimeter scale.
Figure 3 shows three parallel sets of SEM micrographs
from lower to high magniﬁcations taken from the surface
of untreated, deproteinized, and demineralized samples.
The three groups of samples appear to have similar struc-
tural features on the trabecular surface at the submillime-
ter- and micrometer-length scales. However, the surface
topographies are dissimilar at the nanoscale because of
Fig. 1 Photographs showing
representative lyophilized
samples. a Untreated samples
showed proteinaceous residue
after lyophilization.
b Deproteinized samples
showed no visible evidence of
residue
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123different volume fractions of the constituents. At low
magniﬁcation (Fig. 3a–c), the perforated plate structure of
cancellous bovine femur with pores 100–500 lmi n
diameter is shown. At higher magniﬁcation (Fig. 3d–f),
osteocyte lacunae sized 10–20 lm are well preserved and
can be observed in both deproteinized (mineral only) and
demineralized (protein only) samples (indicated by
arrows). The mineral crystals (Fig. 3e) are aligned and
follow a certain orientation along the trabeculae, forming a
continuous network and well-organized arrays of channels
running throughout the sample. At the highest magniﬁca-
tion (Fig. 3g–i), the periodically sinuous layered structure
with wavelength *2 lm can be observed in all of the
samples. Both demineralized and deproteinized samples
show pores hundreds of nanometers in diameter, which are
likely the canaliculi connecting osteocytes. The character-
istic 67-nm periodicity of mineralized collagen ﬁbers can
be observed in the untreated sample and follows a certain
preferred orientation along trabeculae, as shown in Fig. 3g.
The fracture surfaces of untreated and deproteinized
bone were created and observed by SEM in order to
acquire a better understanding of the structural organiza-
tion of bone minerals associated with collagen ﬁbers.
Figure 4a shows the fracture surface of an individual tra-
becula in an untreated sample after compressive loading.
At higher magniﬁcation (Fig. 4b), the laminated structure
and extensive collagen ﬁber pull-out can be observed. The
collagen ﬁbers are aligned in a preferred orientation along
the trabecula. The mineralized collagen ﬁbers form bundles
*1 lm in diameter, as shown in Fig. 4c. A close-up view
Table 1 Evidence that deproteinization with sodium hypochlorite removes organic components in bone
Cancellous bone
sample
Volume of matrix after
demineralization
Wt% of initial mass remaining
after demineralization (%)
Untreated 1 Comparable to untreated bone 27.3
a
Untreated 2 Comparable to untreated bone 28.0
a
Untreated 3 Comparable to untreated bone 29.3
a
Deproteinized 1 Undetectable \0.01
b
Deproteinized 2 Undetectable \0.005
b
Deproteinized 3 Undetectable \0.01
b
Samples were placed into dialysis sacks (10 kDa MWCO) and dialyzed at room temperature against 0.5 M EDTA (pH 7.5) until demineralized.
Samples were then dialyzed against water to remove EDTA, calcium, and phosphate and ﬁnally lyophilized
a Based on weight of material remaining after demineralization
b Based on absorbance at 220 nm (see Materials and Methods section)
Fig. 2 Stereoscopic images of
bovine femur cancellous bone
prior to treatment, after
complete deproteinization with
sodium hypochlorite, and after
complete demineralization with
hydrochloric acid
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123of individual mineralized collagen ﬁbers 100–150 nm in
diameter can be observed at the highest magniﬁcation as
shown in Fig. 4d.
Figure 5 shows the fracture surface of a sample ﬁrst
fractured under compression followed by deproteinization.
At lowest magniﬁcation (Fig. 5a), the fracture surface of
trabecula, indicating brittle failure, can be observed.
Details of the surface morphology, consisting of ridges and
valleys, can be observed in Fig. 5b. The thickness of the
mineral sheets measured from several edge-on oriented
minerals is *20 nm, and the length and width range from
hundreds of nanometers to several micrometers, as shown
in Fig. 5d. The minerals are aligned in a preferred
orientation along the longitudinal axis of trabecula. The
spacing between two adjacent mineral sheets is approxi-
mately 100–150 nm, indicating that minerals locate in the
space between parallel collagen ﬁbers, as shown in Fig. 4d.
Well-organized channels parallel to the mineral sheets,
where collagen ﬁbers may be located, can also be observed.
SEM micrographs taken from a sample which was ﬁrst
deproteinized and then fractured under compression are
showninFig. 6.Osteocytelacunae*10 lmindiameterand
the well-organized porous channels can be observed on the
surface of trabeculae (Fig. 6a, b), similar to those shown in
Fig. 3e. At higher magniﬁcations (Fig. 6c, d), a striking fea-
ture of the mineral constituents was observed. The mineral
Fig. 3 SEM micrographs showing the surface morphology of untreated (a, d, g), completely deproteinized (b, e, h), and completely
demineralized (c, f, i) cancellous bovine femur (arrows indicate osteocyte lacunae)
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123Fig. 4 SEM micrographs
showing the fracture surface of
untreated cancellous bovine
femur fractured under
compression
Fig. 5 SEM micrographs
showing the fracture surface of
deproteinized cancellous bovine
femur fractured under
compression, then
deproteinization
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123sheets were peeled off and folded after compressive defor-
mation. The dimensions and morphology of the mineral
sheetsareingoodagreementwiththefracturesurfaceshown
in Fig. 5c, d. It is unlikely these mineral sheets were formed
by reprecipitation since the samples were kept in constant
agitation during the deproteinization process.
Discussion
There have been studies on the structure of deproteinized
bone using chemical methods. Termine et al. [40] ﬁrst
proposed a deproteinization procedure by hydrazine, which
is regarded as one of the most widely used and effective
deproteinization methods. Recent studies by Bertazzo and
Bertran [41], employing SEM, thermogravimetric analysis
(TGA),X-ray diffraction(XRD), inductive coupled plasma-
optical emission spectroscopy (ICP-OES), C-H-N analysis,
and Fourier transform infrared spectroscopy (FTIR) have
shown that the hydrazine deproteinization procedure does
not alter bone mineral composition and microstructure. The
results showed that\4% of the original organic components
remained in bone after deproteinization. Thus, it is possible
that the hydrazine deproteinization procedure proposed by
Termine et al. [40] does not completely remove all the
protein in bone. Another relatively mild deproteinization
procedure uses NaOCl solution, which was applied in this
study. Turner and coworkers [42, 43] used a 7-wt% NaOCl
solution at room temperature for 3 days to remove protein
constituents in bone and studied the mechanical anisotropy
of both demineralized and deproteinized bones using
scanning acoustic microscopy. In their studies, completion
of deproteinization was veriﬁed by subsequent demineral-
ization. However, no further protein analysis was applied to
conﬁrm whether or not there existed a small amount of
protein. Here, we showed that our deproteinized bone
samples did not contain protein within measurable limits
(\0.001%).
At the macrostructural level, deproteinized cancellous
bone replicated the structural feature found in untreated
and completely demineralized samples, as shown in the
stereoscopic images (Fig. 2). The ﬁne trabecular architec-
ture and well-aligned channels in the longitudinal direction
remained unaltered after removing all of the protein con-
stituents, indicating structural integrity of the mineral
constituents. This is in agreement with the macrostructure
of Bio-Oss
 [32, 35].
The porosity in cancellous bone appears at several length
scales [44]. At the millimeter scale, the bone has pores that
areontheorderof1–3 mm,whichareﬁlledwithbloodinthe
live animal. The second length scale arises from the ellipti-
cally shaped lacunar spaces, where osteocytes (transformed
Fig. 6 SEM micrographs
showing the surface of
deproteinized cancellous bovine
femur fractured under
compression after
deproteinization: a fracture
surface of trabeculae showing
osteocyte lacunae, b aligned
mineral constituents and porous
channels, c deformed mineral
sheets on the surface, and
d detail structure of the
deformed mineral sheets
*20 nm in thickness
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123from the bone-building osteoblasts) reside in the living
bone, which are *10 9 5 lm. The third scale involves
the canaliculi, which are small tubules (100 nm in
diameter) extending from the lacunar spaces that transmit
signals from one osteocyte to another. Finally, there is a
small gap between the collagen molecules, on the order
of 10 nm, where water and/or the mineral phase can be
found. Both deproteinized and demineralized samples
show lacunar spaces and organized arrays of pores sev-
eral hundreds of nanometers in diameter, which appear
to be the canaliculi.
Fracture surfaces from compression tests of untreated
(Fig. 4) and deproteinized (Fig. 5) cancellous bones were
compared side by side at the same magniﬁcations. Minerals
were fused together, in the form of concentric sheet-like or
plate-like structures, and aligned parallel to each other
along the trabecula. The majority of minerals appeared to
be outside of the collagen ﬁbrils (interﬁbrillar mineral). It
is possible that the intraﬁbrillar crystallites are lost during
the deproteinization process as the collagen is being
removed. The minerals are aligned and follow a certain
orientation in a coherent manner with collagen, forming a
continuous network. This observation is similar to the
study on Bio-Oss
 [37]. In SAXS studies, Jaschouz et al.
[45] found a predominant parallel orientation of the c-axis
of the mineral crystals with respect to the long axis of the
trabecula and that the mineral crystals followed the plane
of the lamellae. The mineral organization observed in our
deproteinized samples is in agreement with the ﬁndings by
Landis et al. [26, 27] and Jaschouz et al. [45].
The average thickness of the mineral sheets estimated
from several edge-on oriented minerals is *20 nm, which
is ﬁve to ten times thicker than that of individual mineral
crystallites (1.5–4 nm). The reported thickness of the
mineral sheets of Bio-Oss
 is\10 nm [37]. It is possible
that the thickness of mineral sheets in our samples is
overestimated due to nonalignment issues.
Due to the resolution limit of the SEM, we could not
distinguish whether the mineral sheet is a cluster of loosely
connected mineral crystallites by van der Waals interac-
tions or strongly chemical-bonded mineral platelets.
However, the observation of folding and peeling off the
mineral sheets after compressive deformation (Fig. 6)
implies that the mineral crystallites are more likely fused
together, with strong bonding between them. Otherwise,
the mineral sheets would break apart into individual crys-
tallites after deformation. An earlier study on bone mineral
morphology by Weiner and Price [7] showed that in order
to obtain individual mineral crystallites, grinding is
required. This gives additional evidence that bone minerals
are fused together.
The signiﬁcant ﬁnding of this study is that mineral
crystallites in mature bone are strongly fused together,
forming a sheet-like structure. More interestingly, the
mineral sheets demonstrate structural integrity, forming a
continuous network, similar to the collagen matrix. This
evidence supports our hypothesis and is in agreement with
previous observations in heat-deproteinized bovine bone. It
is possible that this structural integrity of minerals may not
be observed at earlier stages of mineralization due to
insufﬁcient amounts of mineral required for such continu-
ity. Previous studies of mineral organization based on
mineralized tendon and partially mineralized bone at early
stages of mineralization are not adequate to provide a
structural model for fully mineralized mature bone. Bene-
zra-Rosen et al. [37], based on structural characterization
of heat-deproteinized Bio-Oss
, suggested that the mineral
phase, like the collagen matrix, is continuous. Mature bone
is not an isolated mineral crystallite-reinforced collagen
matrix composite. Indeed, mature bone must be considered
as an interpenetrating composite of the collagen and the
mineral constituents. By completely removing either phase,
mature bone remains a self-supporting and continuous
network. In order to better understand the hierarchical
structure and mechanical properties of mature bone, a more
realistic composite model must be applied. Our observa-
tions on bone mineral organization suggest that the
mechanical properties of mature bone are not merely
determined by the amount of mineral present but, more
importantly, by the structural connection between mineral
crystallites as well as the mineral–collagen interface.
In summary, the NaOCl-based method to completely
remove protein from bulk mature bone has been veriﬁed
down to a protein detection limit of 0.001%. The hier-
archical structure of bone mineral organization has been
thoroughly investigated and compared with untreated and
heat-deproteinized bone (Bio-Oss
). Bone minerals are
fused together in a sheet-like structure and form a con-
tinuous network in a coherent manner with collagen
ﬁbrils. Porous structure at varying length scales (vascular
channels, osteocyte lacunae, canaliculi, etc.) is well pre-
served and unaltered after deproteinization. Based on the
structural organization of the mineral constituents
observed in this study, mature bone is indeed an inter-
penetrating composite of the mineral and the collagen
constituents.
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